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Abstract. Several emerging links between high-redshift observational cosmology,
and the Galactic fossil evidence found in the kinematics, metallicities and ages of
Milky Way stars are discussed. In a flat Cold Dark Matter model with Ω ≃ 0.3
that agrees with present large-scale structure observations, the oldest stars in the
Milky Way should have formed in the first halos where gas was able to cool, at
z ≃ 20. These earliest, weakly bound dwarf galaxies probably turned only a small
fraction of their gas to stars, which should be metal-poor. However, the merging
rate in the early universe was much faster than the present one, so massive halos
with more efficient star formation and metallicities up to the highest values present
today in the bulge could have formed less than 109 years after the oldest stars.
The mean metallicity produced in the universe by a given redshift is related to the
mean surface brightness of star-forming galaxies above this redshift, and also to the
reionization epoch if galaxies were the dominant sources of ionizing radiation. The
biased distribution of the early dwarf galaxies where the first stars formed should
result in an age gradient with radius of the low-metallicity stars in the Milky Way,
with the oldest ones concentrated in the bulge and the youngest in the outer halo.
1 Introduction
Interest in observations of the Galactic fossil evidence contained in the spa-
tial distribution and metallicities of stars was for a long time driven by phe-
nomenological models of the formation of the Galaxy. The first model [8]
proposed a monolithic and rapid collapse forming the halo first and then
the disk. A second one [22] suggested instead a more gradual collapse of gas
clumps to form the halo. In modern cosmology, the formation of the Galaxy
must be viewed in its cosmological context, where the large-scale structure
theories for the initial fluctuations that collapsed to galaxies are tested with
observations of the Cosmic Microwave Background, galaxy clustering and
evolution, gravitational lensing, Lyα forest absorption, etc. These ab initio
theories should also predict in principle the statistical characteristics of the
formation of a typical galaxy like the Milky Way (such as the number of
clumps that merged to form our Galaxy at different times and their contents
in gas and stars). In practice, many of these predictions are uncertain due to
the large dynamic range involved, and the complexity of physical processes
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like radiative cooling, thermal instability and star formation. We should nev-
ertheless attempt to identify predictions that circumvent these uncertainties.
I review the ideas for galaxy formation in CDM models in §2, discussing
the formation of the first stars in §3, and where they are now in §4.
2 Galaxies at z > 5
I will use here the Cold Dark Matter model with Ω = 0.3, Λ = 0.7, H0 =
65kms−1Mpc−1, Ωbh
2 = 0.019, and normalization σ8 = 0.9. This model
seems to fit basically all available observations of large-scale structure, [30],
and of Type Ia supernovae as distance indicators [18,20].
In any large-scale structure models hypothesizing the presence of dark
matter that can cluster on small scales, gravitational collapse starts with
low-mass halos, which then grow in mass by merging with each other and
accreting the remaining diffuse matter. The abundances of halos as a function
of redshift is easily visualized in Figure 1, where the three thick solid lines
give the velocity dispersion (right vertical axis) or virial temperature of the
gas (left vertical axis) of a halo collapsing at redshift z from a (1, 2, 3) − σ
fluctuation, in the model adopted here, calculated in the Press-Schechter
model [19,3]. The lower line represents the typical object present at a given
redshift, while the upper line gives the most massive objects, containing only
about 0.3 % of the mass of the universe if the fluctuations are Gaussian. This
upper line indicates, for example, that at z = 3 the most massive clusters
should not have velocity dispersions in excess of 400 kms−1. The thin dotted
lines are of constant halo mass, increasing in steps of factors of 10.
Also shown as thick dotted lines are the halos where the radiative cooling
time of the gas equals the Hubble time, for three values of the gas metallic-
ity. Above these lines, the halo gas does not have enough time to cool, and
therefore cannot form galaxies (e.g., [32]). Notice that the gas could still cool
in the central parts of these halos, corresponding to massive clusters, owing
to the higher density near the center; but we know observationally that star
formation does not occur in large amounts in these cooling regions around
central cluster galaxies, for reasons that are not understood [9].
After the intergalactic medium was reionized (at z > 5), galaxies could
only form in halos with σ >∼ 30 kms
−1, because photoionization heats the
gas, raises the Jeans scale, and makes line-cooling inefficient in objects that
collapse only marginally above the Jeans scale (e.g., [29]). Thus, the lower
thick solid line in Figure 1 shows that most of the gas in the universe had to
stay in diffuse form until z < 2, which is confirmed in numerical simulations
of the Lyα forest [14,35].
Up to redshifts of ∼ 4, it was possible to form galaxies with a total
mass similar to a typical L∗ galaxy today. At that time, galaxies of this size
should have formed by the cooling of all the gas in some of the most massive
halos that existed, and can be identified with the luminous Lyman break
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Fig. 1. Velocity dispersion of halos collapsed from (1, 2, 3)− sigma fluctuations at
each redshift (solid thick lines. See the text for description of other lines.
galaxies (e.g., [26]). But at higher redshifts, the maximum mass of galaxies
must rapidly decline. For example, at z = 8, galaxies formed from 3 − σ
fluctuations should be 100 times less massive than at z = 4 in Figure 1. Even
if starbursts at high redshift occur on shorter timescales or are more efficient
than at low redshift, the rapid decline in galaxy mass should most likely cause
a similar decline in galaxy luminosities at z > 5.
The mean UV surface brightness of high-redshift galaxies can be related to
the mean metallicity that their stars produced and to the number of ionizing
photons that were emitted [24,13,15]. We know that the universe had to
be reionized before z = 5. If star-forming galaxies were the main sources
responsible for reionization, then at least one ionizing photon per baryon
had to be emitted. More likely, several ionizing photons were needed since
most photons could have been absorbed locally by the interstellar gas in
the emitting galaxies, and the intergalactic gas can also recombine several
times before z = 5. For every ten ionizing photons emitted per baryon in
the universe by stars, the mean metallicity rises by 10−2Z⊙, and the galaxies
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containing the stars contribute 32 AB magnitudes per square arc second to
the sky surface brightness in a redshifted UV band to the red of the Gunn-
Peterson trough [15], where galaxies can most easily be observed at high
redshifts. The heavy elements produced by this first generation of galaxies
could be the ones that are observed at z ∼ 3 in the diffuse Lyα forest gas
[25], and in some of the lowest metallicity stars we observe at present.
The dashed lines in Figure 1 indicate the AB magnitude of a starburst
galaxy that forms in a halo of velocity dispersion σ at redshift z (in a rest-
frame UV band to the red of the Gunn-Peterson trough), assuming the opti-
mistic case where all the halo gas turns to stars on a timescale of the order
of the age of the universe (this simple model is described in more detail in
[15]). This shows that typical galaxies at redshift z = 10 are not likely to be
brighter than AB = 30, and are probably even fainter if star formation is less
efficient (converting only a small fraction of the halo gas into stars).
3 The very first stars
The first objects where gas is able to cool in the universe correspond to the
high peaks of the density field collapsing on scales of ∼ 107M⊙, at z ∼ 20
in the model of Fig. 1 (see [4]). In halos with temperatures T >∼ 1000 K
the gas cools effectively through the rovibrational levels of a small fraction
of molecular hydrogen, formed from the primordial ionization fraction via
H− [21,17,28]. We also see in this Figure that these early halos merge very
rapidly, with the virial temperatures of 3 − σ peaks increasing from 2000 K
(where molecular cooling is first rapid enough to lead to the first stars) to
8000 K (where atomic line cooling is already effective) over the short interval
from z = 19 to z = 16.
Recently the first simulations of the formation of the first objects which
compute the formation of the molecular hydrogen, with high enough resolu-
tion to identify the site where the cooled gas concentrates to form stars, have
been performed ([1,2,16]. These simulations show that once the gas cools fast
enough, it becomes self-gravitating and forms a cooling flow in the halo center
(notice that because of the rapid merging rate there should often be several
“halo centers” or density peaks in a given collapsed object). Obviously the
gas at the center cools fastest and will collapse first. At the center of the
cooling flow, the cloud becomes optically thick and fully molecular by three-
body reactions, on a time short compared to the evolutionary timescale of
the halo, and this should cause the rapid cooling and collapse of a central
core with a mass of 100 to 1000M⊙ [2,16].
There is much uncertainty about the type of stars that will form first in
the center of this cooling flow [27,12,6,23]: Will the first stars be massive?
Will many stars be formed by rapid fragmentation? What differences in the
star formation process will be caused by the absence of heavy elements and
magnetic fields? If low-mass stars formed at the same time as the first massive
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stars in these low-mass halos, then there should be some stars with zero
metallicity at present; otherwise, all low-mass stars will have a minimum
metallicity generated by the first supernovae.
Even if rapid fragmentation led to the formation of a large number of low-
mass stars first, it is clear that massive stars should eventually form in the
first low-mass halos. As long as the formation of stars does not release much
energy, gas will continue to cool and accumulate in the center, and continued
accretion of more gas at the bottom of the potential cannot be stopped until
a sufficiently massive star is formed to heat and expel the gas around it. A
single massive star will produce about 1063 ionizing photons, about the same
as the number of atoms in a halo containing 106M⊙ of baryons. Several
massive stars need to form to maintain the entire halo ionized, since the
recombination time at the virial radius of ∼ 100 pc is typically 105 years.
The evolution after the formation of massive stars is likely to be very similar
to that of molecular clouds in our Galaxy: their lifetimes are not much longer
than 107 years, as they are destroyed after the formation of a few O stars,
turning only 1% to 10% of their mass into stars [33,34,11,5]. Molecular clouds
and the first halos to form stars have similar baryonic masses, and if anything
the first halos are less dense and their low metallicity should reduce cooling,
making them easier to be heated and dispersed by ionization and supernova
explosions compared to Galactic molecular clouds. Every supernova explosion
produces a few solar masses of metals which, if spread over 106M⊙ of gas in
a halo, will raise the metallicity by ∼ 10−4Z⊙.
Whereas in the Milky Way a destroyed molecular cloud disperses in the
atomic medium, and the gas probably forms molecular clouds again when it
crosses another spiral arm shock [11], in the first collapsed halos the gas can be
expelled in a wind, and can later collapse again into a more massive object as
the sequence of mergers continues. A self-regulated star formation process can
then start, where new halo mergers produce new starbursts which are stopped
when enough energy is produced by ionizing radiation and supernovae to
disperse the gas again.
4 Where are the first stars?
The self-regulation of star formation in galaxies naturally leads to the idea
that the gas metallicity in a halo will depend mostly on the velocity disper-
sion. Gas in weakly bound halos will be heated and dispersed easily after
the formation of a very small number of massive stars, but in more strongly
bound halos star formation can proceed faster, since the energy output of
stars is insufficient to drive a strong wind, and heated gas is quickly recycled
into new molecular clouds. Since the metallicity depends on the overall frac-
tion of the gas that has been turned to stars, it should reflect the efficiency
of star formation in each halo.
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The earliest stars formed at z ≃ 20 should clearly be metal-poor. However,
in any models where the spectrum of the rms density fluctuation flattens at
small scales (as in CDM), the velocity dispersions increase very fast at early
epochs. Thus, by z = 9, 3 − σ peaks (which contain 0.3% of the mass) are
already halos with σ = 50 kms−1, similar to the LMC, which could therefore
have characteristic metallicities ∼ 0.1Z⊙, and solar metallicities can generally
be produced as soon as sufficiently massive objects have collapsed in any
model [10,7]. At the same time, stars with the lowest metallicities will not all
form at the highest redshifts: most of them will form when the low velocity
dispersion halos collapse from 1− σ peaks, at z < 9. Reionization can in fact
stop much of the gas in the universe from collapsing and forming stars until
it becomes part of a system with σ >∼ 30kms
−1, implying that most stars at
the lowest metallicities would form at z < 2 for the model of Figure 1.
Because the age difference between z = 20 and z = 9 is only about 400
million years, the prediction that the very oldest stars should all be metal-
poor will be difficult to test. Until ages for the oldest stars are not measured
with accuracies greater than ∼ 109 years, we should expect essentially no
correlation between age and metallicity [31].
Fig. 2. Rms density fluctuation linearly extrapolated to the present time on spheres
of radius R and mass M .
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Another interesting feature of CDM-like theories is the strong bias of col-
lapsed objects on small scales, which should cause the oldest low-metallicity
stars to be more abundant in the central parts of galaxies and clusters. Figure
2, showing the rms density fluctuation (linearly extrapolated to the present)
as a function of the smoothing scale for the same CDMΛ model used in Fig.
1, serves to illustrate the idea. We consider a 107M⊙ halo collapsing from a
3 − σ peak at z = 18 as the typical site where the oldest stars were formed.
On average, 3 − σ peaks contain 0.3% of the mass; however, this fraction
should change in different environments, being high within a massive galaxy
or cluster that collapsed early, and low in a low-mass galaxy that collapsed
late, owing to the bias effect [31]. As an example, consider the condition that
the halo of the Milky Way has recently reached a mass of 1012M⊙, collapsing
from a 1 − σ fluctuation on this scale. Now, we find from Figure 2 that the
ratio of the rms fluctuation on the scales of 1012M⊙ and 10
7M⊙ is 0.3, so the
overdensity due to a 1 − σ fluctuation on 1012M⊙ already provides 10% of
the total overdensity needed for a 3− σ peak at the scale of 107M⊙. At the
same time, the rms fluctuations on scales 107M⊙ that are independent of the
smoothed fluctuations on 1012M⊙ are reduced by a factor 1− (1/3)
2 = 8/9.
Thus, given the condition of being part of the Milky Way halo at present, the
abundance of objects of 107M⊙ formed at z = 18 should actually correspond
to a density peak (3− 0.3) · (9/8)1/2 = 2.86 times the rms, or an abundance
about 50% higher than the average. On the other hand, in a massive galaxy
collapsing on the same scale of 1012M⊙ from a 3− σ peak at z = 5 (likely to
be part of a cluster today), the abundance of the 107M⊙ objects collapsed
at z = 18 should correspond to (3 − 0.9) · (9/8)1/2 = 2.23 − σ peaks, or an
abundance ∼ 10 times higher than the average.
Of all the galaxies that formed within the region that has collapsed to the
Milky Way today, the ones that ended up merging into the bulge were the
ones that formed in a region with a high overdensity on the scale of the bulge
mass (this assumes that the bulge collapsed before the Galactic disk was
formed, which is supported by the existence of bulge stars with much lower
metallicities than the minimum disk metallicities). Therefore, they should
also contain the largest abundance of the oldest low-metallicity stars, due to
the same bias effect discussed above. On the other hand, the low-metallicity
stars in the Local Group dwarfs, and in the outer parts of the Milky Way
halo (if they resulted from the disruption of satellite dwarfs) obviously did
not merge into a massive galaxy until they fell recently to the Milky Way
halo, so they were formed in underdense regions on the scale of the bulge
mass, and they are likely to have formed from low peaks at low redshift.
They should consequently have low-metallicity stars that are younger than
in the bulge of the Milky Way and M31.
This prediction is uniquely characteristic of large-scale structure theories,
since in earlier models it was assumed that the low-metallicity stars formed
in the early generations that produced the heavy elements in the bulge would
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still be found in the outer halo, and would therefore be the oldest stars, with
the gas being enriched as it collapsed further toward the center. These predic-
tions are discussed here at a very qualitative level, but improved numerical
simulations of galaxy formation combined with chemical-enrichment models
are likely to make these more quantitative in the near future.
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